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Methods: Product ratios
Ratios of gaseous denitrification products may vary strongly depending on the incubation period 17 for which they are computed. Moreover, in an experimental setup with a permanently close 18 headspace, intermediates may temporarily accumulate in the headspace and still be available as 19
an electron acceptor and diffuse back into the soil at a later incubation stage. This would not be 20 the case in a continuous flow setup with a carrier gas that lack NO and N 2 O and also to a much 21 lesser extent under natural conditions were the NO and N 2 O concentrations are immediately 22 diluted down to atmospheric concentrations. Still, apparent product ratios can still be computed 23 by adding up the release of intermediates and subtracting this amount from subsequent 24 denitrification product prior to computing ratios. To do so, we define
Where * is the cumulative release, is the end of incubation, ′ is the first time derivative of 27 concentration , and Θ is defined as 28
We then have 29 = * , 2 = 2 * − * and 2 = 2 * − 2 * . 30
We define the product ratios: 31 . 32
Note that these estimated ratios disregard the actual effects that the presence of NO and N 2 O may 33
have on the regulation of enzymes for various denitrification steps. They should therefore only be 34 considered as a rough approximation to product ratios in open systems. One benefit of this 35 approach is that is identical for all samples and does not have to be adjusted to individual 36 denitrification kinetics. 37
1.3.
Methods: Image processing and analysis 38 The inner volume of the glass jars filled with quartz sand, water and air constitutes the region of 39 interest (ROI) to be analyzed except for the porous hotspots which are considered as cavities in 40 the ROI. The ROI was determined by semi-automatic region growing in VG StudioMax 2.1 41 (Volume Graphics) based on gradient images, i.e. the first derivative of the original gray scale 42 image. The gradient was approximated by the Variance 3D filter in Fiji/ImageJ. Region growing 43 was initiated on the homogeneous glass wall of the jar and in the homogeneous head space of the 44 jar and stopped directly at the border of the repacked sand. The fully enclosed volume of both 45 region growing processes is considered as ROI. Likewise, region growing in the relatively 46 homogeneous hotspots stopped directly at the border between hotspots and repacked sand. This 47 was used to demarcate the porous glass beads and subtract them from the ROI. The assignment to 48
At and Pd hotspots was done according to the vertical position in the layered architecture and 49 according to orientation of the flat and rounded end in the random architecture. 50
The raw image were filtered with a non-local means filter (Buades et al., 2005) for noise removal 51
at an estimated noise level of = 7 gray values using the non-local denoising plugin for ImageJ. 52
Edge enhancement was carried out with an unsharp mask filter ( within test regions. Simple thresholding was carried out to segment the ROI voxels into air water 58 and solid followed by a majority filter with a cubic 3³ kernel to remove partial volume effects 59 (Schlüter et al., 2014) . 60
These segmented images were analyzed with respect to different morphological properties of the 61 air-filled and water-filled pores space. All properties are reported separately for the complete ROI 62 and the direct neighborhood of the hotspot boundaries to assess the local conditions experienced 63 by the hotspots. The reduced ROI for the hotspot boundaries was created by dilation and 64 subsequent subtraction of the hotspot ROI. 65
Dimensionless air connectivity was determined through the volume fraction of air-filled pores 66 with a continuous path to the headspace. To do so, a connected components labelling was 67 performed with the MorpholibJ plugin in Fiji/ImageJ (Legland et al., 2016) to mask out all air 68 clusters without a connection to the headspace. 69
Air tortuosity was determined in the connected air cluster using the Geodesic Distance map 3D in 70
the MorpholibJ plugin (Legland et al., 2016) . This transform writes the shortest path lengths fully 71 within the air cluster from the headspace to any location belong to the air cluster. The 72 dimensionless tortuosity number is then determined for each voxel as the ratio between geodesic 73 distance and depth-dependent, Euclidean distance. 74
Air distance is determined as the shortest, geodesic distance within the water-filled pore space 75 from any water voxel to the closest air voxel belonging to the connected air cluster. This air 76 distance cannot be normalized in a meaningful way and is therefore reported as a length in mm. 77 
